Ferroelectric thin films are multifunctional materials with applications in a wide range of microelectronic and microelectromechanical devices. The recent investigations on multilayer heterostructures builtup with ferroelectric layers of different compositions have shown an enhancement of the dielectric, ferroelectric, and pyroelectric properties with respect to the single-component films. In this work, the structural, dielectric, ferroelectric, and pyroelectric properties of a ͑Pb, Ca͒TiO 3 / ͑Pb, La͒TiO 3 / ͑Pb, Ca͒TiO 3 multilayer heterostructure have been studied and compared with identically prepared ͑Pb, Ca͒TiO 3 and ͑Pb, La͒TiO 3 films. The heterostructure shows a higher dielectric permittivity in the whole temperature interval up to the transition temperature, and a higher tetragonal distortion with respect to the single-component films, revealing a lower residual stress in the heterostructure. Optimized ferroelectric and pyroelectric properties have been achieved in the heterostructure, with maximum values of remanent polarization, P r , and pyroelectric coefficient, ␥, of P r =27 C cm −2 and ␥ =51ϫ 10 −9 C cm −2 K −1 . A mechanism of stress relaxation by plastic deformation through vacancies diffusion is proposed to explain the enhanced properties.
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I. INTRODUCTION
Ferroelectric thin films are multifunctional materials due to their different properties, such as pyroelectricity, piezoelectricity, and electro-optic effects, 1 and have been the subject of significant interest because of their applications as pyroelectric sensors, microelectromechanical systems (MEMS), and nonvolatile ferroelectric memories. 2, 3 Also, the wide number of factors that affect the final properties of the film, such as composition, substrate, thermal treatments, crystallographic orientations, or electrical treatments, allows the preparation of films with optimum properties for each application.
The combination of ferroelectric layers of different compositions to buildup a thin film has lead to the development of multilayer heterostructures, which have been the focus of investigation in the last few years, due to their outstanding dielectric, ferroelectric, and pyroelectric properties. [4] [5] [6] Most of the studies have focused on the properties of heterostructures including PbTiO 3 (PT) or Pb͑Zr x Ti 1−x ͒O 3 (PZT). Ohya et al. 4 studied the dielectric properties of the heterostructure PbZrO 3 /PbTiO 3 and obtained higher permittivity than the expected one from the series connection of films of PbZrO 3 and PbTiO 3 , in the whole range of temperatures. An increase of the permittivity has also been obtained in heterostructures of PZT/PT, 5 while maintaining low values of dielectric loss tangent, when increasing the number of PZT/PT layers. The mechanisms that cause these properties remain scarcely understood. The same heterostructure, PZT/ PT, has been studied by Sun et al. 6 for pyroelectric applica- 7, 9 piezoelectric, 8, 9 and pyroelectric [7] [8] [9] properties. However, work on modified lead titanate heterostructures is scarce. The authors of this paper recently analyzed the properties of heterostructures buildup with PTL and PTC ferroelectric layers 10 onto annealed Pt/ TiO 2 / SiO 2 / ͑100͒Si substrates, that presented mixed preferred orientation with ͗001͘, ͗100͘, and ͗111͘ main components. The PTC/PTL heterostructures showed significant ferroelectric ͑P R =26 C cm −2 ͒ and pyroelectric ͑␥ = 28.5 C cm −2 K −1 ͒ properties. It was observed that the dielectric permittivity, as the ferroparaelectric transition is reached, is higher than the corresponding one for the single-component films on the same substrates. The increase of the tetragonal distortion of the perovskite-type structure ͑c / a͒ pointed to the existence of a lower residual stress in the heterostructures.
The presence of preferred orientations 7, 9 in the films, providing a component to the net polarization in the normal direction to the film surface, is a key factor that determines the functional properties of ferroelectric thin films. Preferred orientations are in turn determined by the type of substrate 11 on which the film is grown.
In this work, a structural, ferro-, pyro-, and dielectric study of a PTC/PTL/PTC multilayer heterostructure, prepared by sol-gel and deposited onto TiO 2 / Pt/ TiO 2 / Ti/ SiO 2 / ͑100͒Si substrates, has been carried out. The properties of the heterostructure have been compared with the corresponding ones of a three-layer single-component PTC and PTL films. The origin of the texture and the higher tetragonal distortion of the heterostructure have been analyzed and discussed. The enhanced ferroelectric and pyroelectric properties achieved in the heterostructure compared to the single-component films have been related to its lower residual stress. For the substrate preparation, the bottom Ti layer (8 nm) was deposited by vacuum evaporation on SiO 2 / ͑100͒Si and subjected afterwards to oxidation at 500°C for 10 min. The Pt electrode, also deposited by evaporation, was annealed at 800°C for 30 min. The top Ti layer (2 nm) was evaporated and oxidized at 500°C for 5 min.
II. EXPERIMENTAL PROCEDURE

A. Preparation of the thin films
Amorphous films were deposited by spin coating at 2000 rpm for 45 s, in a class 100 clean room. Pyrolysis of these films was carried out on a hot plate at 350°C for 60 s. Each deposited and pyrolyzed layer was crystallized in air by rapid thermal processing (RTP) at 650°C for 50 s, at an average heating rate of 30°C s −1 . Deposition, pyrolysis, and crystallization processes were repeated three times.
For the sake of comparison, single-component threelayer PTC and PTL films were also identically prepared onto the same substrate.
B. Characterization of the thin films
Crystal phase and orientations of the films were analyzed by x-ray diffraction (XRD) with Bragg-Brentano geometry using a Siemens D500 powder diffractometer with a Cu anode. An acceleration voltage of 40 kV and a current of 25 mA was used. To avoid the overlapping of the (111) peaks of the perovskite and the Pt electrode, and 2 were misaligned by an angle of ϳ3°. In this way, it was possible to separate the two peaks by profile analysis using pseudo-Voigt functions and to obtain a semiquantitative value of the orientation degree of the films. Relative intensities have been calculated with respect to the highest peak recorded for each sample. Lattice constants and tetragonal distortion of the films have been calculated by a standard refinement method. 12 Electrical characterization was accomplished after 0.15-mm-diameter Pt electrodes were deposited on the film surfaces by sputtering. The dielectric permittivity and losses were measured using a HP4284A impedance bridge. Dielectric permittivity versus temperature was measured using the same impedance bridge and heating and cooling rates of ±2°C min −1 . Ferroelectric current density versus field ͑J-E͒ hysteresis loops were measured with a modified Sawyer-Tower circuit 13 using sinusoidal waves of 1 kHz. The loops were corrected by compensating the ohmic and capacitive currents, using a nonperturbative method. 13 The apparent coercive fields, E c , were obtained as an average of the positive and negative fields of the maxima of the current density versus field ͑J-E͒ loops. The remanent polarizations, P r , were calculated as the area below the current-density peaks.
Pyroelectricity of the films was analyzed after poling at 150°C for 5 min. Poling was carried out with trains of square pulses of 250-µs width and separated by 10 000 µs. Poling voltage sign refers to the sign of the pole of the voltage supply connected to the top electrode. Pyroelectric coefficients were calculated from the pyroelectric currents measured in a Keithley 6512 electrometer. These currents were obtained by an application of a triangular thermal wave of 5 ϫ 10 −3 Hz and an amplitude of 2°C, with heating and cooling rates of ±1.8°C min −1 . Table I shows the relative intensities of the peaks obtained from the XRD patterns of the films, together with those of the 39-1336 JCPDS-ICDD file, corresponding to the ceramic powder of Pb 0.76 Ca 0.24 TiO 3 , for comparison.
III. RESULTS
A. Structural analysis
The films are not randomly oriented but show preferential orientations. The texture of the PTC and the PTL films has a main ͗111͘ component, with lower contributions along ͗001͘ and ͗100͘. However, the ͗111͘ component is not the preferential one in the multilayer heterostructure. In this film, the texture has ͗001͘, ͗100͘ main components with a ͗111͘ contribution.
The tetragonalities of the films, c / a, are also shown in Table I , together with the tetragonality of a bulk ceramic of Pb 0.76 Ca 0.24 TiO 3 , 14 for comparison. The value for the hetero- structure must be understood as an average of the values in the PTL and PTC layers. Higher value of c / a has been obtained in the heterostructure with respect to those corresponding both to the PTL and PTC films.
B. Dielectric and ferroelectric properties
Average dielectric permittivity, ⑀Ј, and loss factor, tan ␦, of the films at 1 kHz are shown in Table II . Similar dielectric loss factors have been obtained in all the films, and higher ⑀Ј has been obtained in the heterostructure. The thermal dependence of the permittivity of the heterostructure and the PTC and PTL films at frequencies between 1 and 500 kHz is shown in Fig. 1 . These measurements were carried out in one of the capacitors, representative of the overall properties of each film. In the heterostructure, higher values of ⑀Ј with respect to the single-component films have been found in the whole range of temperature. Values of the temperature of the maximum, and of the permittivity at the maximum for the curves measured at 10 kHz, are also shown in Table II .
J -E ferroelectric hysteresis loops of the films are shown in Fig. 2 . In the heterostructure [ Fig. 2(a) ], a remanent polarization of P r ϳ 27 C cm −2 is obtained, which is higher than the P r obtained in the single-component films (Table II) . Figure 3 shows the evolution with the time of the pyroelectric coefficients of the heterostructure and the PTC and PTL films, after poling at 150°C. A high stability with time has been obtained after poling under both polarities in all samples. The pyroelectric coefficients of the films are shown in Table III .
C. Pyroelectric properties
The pyroelectric figures of merit, specific detectivity, F D and voltage response, F V , have been calculated from the maximum pyroelectric coefficient achieved in each film Table III .
IV. DISCUSSION
The preferential orientations of the films reveal the existence of heterogeneous nucleation at the film-substrate interface and at the interfaces between layers. This is related to the used RTP crystallization, which diminishes the amount of pores homogeneously distributed in the film that could act as nucleation sites, giving place to randomly oriented films.
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The multiple deposition and RTP crystallization favor that the texture partly extends to the layers deposited on the top, because each layer nucleates and grows on the previously crystallized layer.
The ͗001͘, ͗100͘ mixed orientation is the natural one of the tetragonal perovskites, 11 and it can take place both at the film-substrate interface and at the interfaces between layers.
The existence of a very thin Ti or TiO 2 layer onto the Pt has been shown to be related to the appearance of a ͗111͘ preferential orientation in PTL (Ref. 11) and PTC (Ref. 9) films. In the heterostructures, from Rutherford back scattering spectroscopy (RBS) analysis 15 it has been concluded that the TiO 2 layer is fully incorporated in the perovskite structure during crystallization of the phase. It is clear that the incorporation of the TiO 2 layer to the first layers of the film is directly related to the ͗111͘ orientation present in the PTC/ PTL/PTC heterostructure, however, this component is not the preferential one in this heterostructure.
The ͗111͘ orientation nucleates on the Ti-rich filmsubstrate interface, and the mechanism available to extend it to the top layers is the nucleation of the new crystals onto the ͗111͘-oriented grains of the previously crystallized layer. A decrease of the ͗111͘ contribution with the increase of deposited layers has been previously found for PTL films. 11 This is due to the existence of certain porosity between the layers, which stops the nucleation onto the ͗111͘ grains of the already crystallized layer.
In the heterostructure, the lack of substantial interdiffusion between PTC and PTL layers reveals that there exist discontinuities at the layer-to-layer interfaces. Such discontinuities have been also detected in PT/PZ heterostructures 16 prepared by sol-gel with unique crystallization, when the solutions concentration is above 0.025 M. These discontinuities make difficult the nucleation of the new crystals onto the underlying ͗111͘-oriented grains, interrupting the transmission of the ͗111͘ orientation to the top layers. Also, the different compositions of the layers, with slightly different lattice characteristics (see Table I ), favor the discontinuities at the interfaces.
Processing of a ferroelectric material as a thin film onto a substrate generates stresses in the film, 17, 18 that have been shown to affect the dielectric 17 and ferroelectric 19 properties of the film. Thus, the analysis of the origin of the lower residual stress in the PTC/PTL heterostructures presents a great interest.
The 17 to the stresses acting on the films. These stresses are developed in the thermal treatment of the film, 17 due to the large shrink of the film during drying and crystallization of the amorphous layer, 21, 22 to the lattice mismatch between the film and the substrate, and to the phase transformation and the thermal-expansion mismatch between the film and the substrate during the cooling process. 21 The relation of the decrease of c / a in PTC films with the stresses created during their processing has been recently confirmed by Jiménez et al. 23 by means of XRD measurements in the film before and after the electrolytic separation of the film from the substrate. A large amount of stress is liberated when the film is separated from the substrate, resulting in an increase of c / a, which reaches in the free film a value of 1.032, close to the one of the bulk ceramic, 1.039. This reveals that, although the strain in the film is mainly elastic, some plastic strain also takes place in the ferroelectric film.
The fact that the heterostructure has a higher value of c / a not only than that of the PTL (1.012) and PTC (1.016) films (Table I) but also higher than the expected average taking into account these values (1.015), means that it is under a lower residual stress, which suggests that a higher stress relaxation occurs in the heterostructure. A mechanism of stress relaxation exists in the heterostructure that does not take place in the single-component films, and which is only promoted when alternating PTL and PTC layers.
Several mechanisms of stress relaxation in different materials have been described in the literature. [24] [25] [26] [27] In metallic 24 or composites 27 mechanisms based on plastic deformation of the material, including dislocations formation and atoms or vacancies diffusion, have been proposed. In lead titanate 25 and PZT (Ref. 26) ferroelectric thin films, vacancies diffusion has been accepted as an important mechanism of relaxation of the stresses developed during the processing of the film. In this way, stress relaxation may occur in the PTL and PTC films by the generation of plastic deformation through vacancies diffusion. Such mechanism will be more pronounced in the PTL films, because in these films there is a higher amount of vacancies. The reason is that, whereas in PTC the Ca 2+ ions are introduced in the Pb 2+ lattice sites without creating vacancies, the La 3+ substitution is a nonisovalent one, compensated with the presence of a relevant amount of Pb 2+ vacancies in the structure
Pb TiO 3 ͒. In this work, the PTC/PTL/PTC heterostructure and PTC and PTL films have been prepared by using identical procedures. Thus, the stresses generated in the heterostructure during the pyrolysis, and the ones due to the lattice mismatch between the film and the substrate, the ferroparaelectric transition and the thermal-expansion mismatch between the film and the substrate, will be similar to the stresses generated in the single-component films. However, there is a fundamental difference between the heterostructure and the PTC and PTL films, which is the thermal-expansion mismatch between the PTL and PTC layers that buildup the heterostructure.
The thermal dependence of the thermal-expansion coef- Fig. 4 . Although it is clear that the layers crystallized onto the substrate will not expand and compress in the same manner as a bulk ceramic, from these values it is possible to establish a qualitative approximation to the analysis of the stress generated on cooling after the crystallization at the interfaces between the PTL and PTC layers that buildup the heterostructure.
It can be seen that there are three temperature intervals in which the coefficients of PTL and PTC have different dependence with temperature. The stresses generated in each temperature interval, , can be calculated using the formula given by Foster et al. 21 for mechanical deformations produced by thermal-expansion coefficient mismatch. For PTL deposited onto PTC = ͓␣͑PTL͒ − ␣͑PTC͔͒/⌬T being ⌬T the temperature interval in each case.
In the first interval, (1), both materials have a positive ␣, and compress with decreasing temperature. The compression will be more pronounced in PTL as it has a higher value of ␣, and at the interface between PTL and PTC layers tensile stress will be generated in the PTL layer and compressive stress will be generated in the PTC layer. In the second interval, (2) , between the transition temperatures of PTL and PTC, PTC has positive ␣ whereas PTL has negative ␣. Thus, with decreasing temperature, PTL will expand and PTC will compress and at the interface will exist compressive stress in the PTL layer and tensile stress in the PTC layer. In this interval, the stresses state will be continuously changing due to the variation of the values of ␣. In the last interval, (3), both materials have negative ␣, and expand with decreasing temperature. As the expansion will be more pronounced in PTC, compressive and tensile stresses will be generated in the PTC and PTL layers, respectively, at the interface between them.
As it can be seen, in each interface between the layers that buildup the heterostructure, stresses that will be continuously changing, on cooling after the crystallization and going across the different temperature intervals, are generated. These stresses at the interfaces promote the existence of stress gradients in the PTL and PTC layers that buildup the heterostructure. Such stress gradients will activate a stress relaxation mechanism by the generation of plastic deformation through vacancies diffusion, mainly in the
Pb TiO 3 layer, that does not take place in the single-component films. This stress relaxation results in a lower residual stress in the heterostructure with respect to the single-component films.
In order to test if the heterostructure has the same response as the series connection of the PTL and PTC layers, the thermal evolution of the dielectric permittivity of the heterostructure at 10 kHz has been calculated by using the thermal evolution of the permittivity of the PTL and PTC single-component films, and considering that the heterostructure has a thickness 3t and each PTL and PTC layers that form the heterostructure has a thickness t. The result is shown in Fig. 5 , together with the experimental data. It has to be noted that the calculated values along the whole range 32 an increase of permittivity with the thickness of the film has been observed in the whole range of temperature. Such an increase has been related to a stress relaxation as the film became thicker. In the heterostructure here studied, the high values of permittivity obtained with respect to the PTL and PTC single-component films are similarly related to the lower residual stress in the heterostructure.
It is well known that in a ferroelectric material there are two contributions to the polarizability, and then, to the dielectric permittivity. The intrinsic contribution is related to the ionic displacements within the crystalline structure, whereas the extrinsic contribution is a consequence of domain-wall mobility. 33 The effect of domain clamping on the ferroelectric and dielectric properties has been discussed by different authors. 34, 19 In BaTiO 3 single crystals, a decrease of the switchable polarization and dielectric permittivity with the increase of the amount of charged defects in the single crystal has been observed. 34 Domain-wall pinning is produced by the defects, giving place to a decrease of the extrinsic polarizability. In PTL films, Algueró et al. 19 have observed a decrease of the switchable polarization with the increase of the stress in the film caused by the substrate. In our case, we understand that the stresses also act on the 90°domain walls reducing their mobility and, thus, the extrinsic contribution to the net polarizability. In the case of the heterostructure studied in this work, reducing the stress level results in a reduced domain clamping, increasing the extrinsic polarizability.
On the other hand, the increase of c / a involves a distortion of the crystal lattice that allows a higher distance of ion movement from its usual position when the film is placed in an electric field, causing, thus, a higher intrinsic polarizability. This has been experimentally confirmed in epitaxial PbTiO 3 thin films studied under external stress. 35 Therefore, it can be concluded that the enhancement of the dielectric permittivity in the PTC/PTL/PTC heterostructure is a consequence of a higher polarizability in the heterostructure, which is due to a relaxation of stress in this film, which does not take place in the single-component films.
A significant ferroelectric response has been achieved in the films, with higher remanent polarization, P r , in the PTC/ PTL/PTC heterostructure ( Table II) . The value of P r achieved in the heterostructure is higher than the reported ones in the literature for randomly oriented sol-gel PTL (Ref. respectively. Also, the P r achieved in this work is higher than the reported one for ͗111͘-oriented PTC film prepared by multiple-cathode sputtering, 38 with P r = 22.5 C cm −2 . The value of P r achieved in the heterostructure, P r =27 C cm −2 , is similar to the values achieved in the recently studied PZT/PT (Ref. 40 with ␥ =30 ϫ 10 −9 C cm −2 K −1 . Also, the coefficient is higher than the reported one for ͑Pb 1−x Ca x ͓͒͑Co 1/2 W 1/2 ͒Ti͔O 3 ceramics, 41 with ␥ = 30-44.3ϫ 10 −9 C cm −2 K −1 for x = 0.20-0.28. Compared with the heterostructures recently studied for pyroelectric applications, the coefficient here achieved is higher than the corresponding one for PZT/PT heterostructures, 6 with ␥ =25ϫ 10 −9 C cm −2 K −1 . In the PTC/PTL/PTC heterostructure, an improvement of the figure of merit of detectivity, F D , has been achieved with respect to both single-component films (Table III) The optimized ferroelectric and pyroelectric properties achieved in the heterostructure are consequences, on the one hand, of the existence in the texture of the film of two components with contribution to the net polarization in the direction normal to the film and, on the other hand, of the lower residual stress in the heterostructure, which results in higher intrinsic and extrinsic polarizabilities.
V. CONCLUSIONS
The structural, ferro-, pyro-, and dielectric properties of a sol-gel PTC/PTL/PTC multilayer heterostructure, processed by multiple deposition and crystallization onto Sibased substrates, have been studied and compared with the properties of PTL and PTC single-component films.
Discontinuities at the interfaces between the PTC and PTL layers interrupt the transmission of the ͗111͘ orientation to the top layers of the heterostructure, resulting in a small ͗111͘ contribution to the texture. The natural ͗001͘, ͗100͘ orientations are the preferential ones in the heterostructure.
The high tetragonal distortion of the heterostructure with respect to the single-component films reveals the existence of a lower residual stress in the heterostructure. Such effect is a consequence of the activation of a stress relaxation mechanism by the generation of plastic deformation through vacancies diffusion, mainly in Pb 1−3x/2 La x V x/2 Pb TiO 3 , that does not take place in the single-component films. This mecha-nism is activated by the stress generated at the interfaces between layers upon cooling, as a consequence of the difference of thermal-expansion coefficient of the PTL and PTC layers that buildup the heterostructure.
The lower residual stress results in a higher dielectric permittivity in the heterostructure, caused by a reduction in the domain clamping and an increase in the intrinsic polarizability.
The optimized ferroelectric and pyroelectric properties achieved in the heterostructure, with maximum values of P r =27 C cm −2 and ␥ =51ϫ 10 −9 C cm −2 K −1 , are consequences, on the one hand, of the existence in the texture of the film of two components with contribution to the net polarization in the direction normal to the film, namely, the ͗001͘ and ͗111͘, which have been promoted by the multiple deposition and crystallization process, here used, and, on the other hand, of the lower residual stress in the heterostructure.
